The LV100 gas turbine engine is being developed for U.S. Army ground vehicle use. A unique approach for controls and accessories is being used whereby the engine has no accessory gearbox. Instead a high speed starter/generator is mounted directly on the compressor shaft and powers all engine accessories as well as supplies the basic electrical power needs of the vehicle. This paper discusses the evolution of the electrically driven LV100 accessory system starting with the Advanced Integrated Propulsion System (AIPS) demonstrator program, through the current system to future possibilities with electrical vehicle propulsion. Issues in electrical vehicle propulsion are discussed including machine type, electrical power type, and operation with a gas turbine.
INTRODUCTION
The LV100 gas turbine engine is a 1500 shaft horsepower recuperated engine being developed for U.S. Army ground vehicle use. The LV100 was conceived as a complete powerpack rather than simply an engine. Hence, the requirements for the engine control and accessories package included not only the control of the engine by means of fuel flow and two variable geometries -compressor variable geometry (CVG) and a variable area turbine nozzle (VA'TN) -but also engine starting and the production of electrical power for use by the vehicle as a whole. For the Advanced Integrated Propulsion System (AIPS) program, a system was designed and successfully run to demonstrate the relevant technologies in a test cell environment. An updated version of this system is being developed for operation on an Automotive Test Rig (ATR) and is scheduled to run on an engine in 1993 and in the vehicle shortly thereafter.
THE ALL-ELECTRIC CONCEPT
A unique approach for controls and accessories called the "all-electric" concept was developed for the LV100. In this concept, the engine has no accessory gearbox, but instead a high speed starter/generator is mounted directly on the compressor shaft and power from it is used to drive engine accessories as well as to supply the total electrical power needs of the vehicle. This arrangement eliminates the gearbox with the implied weight, cost, and volume savings. This concept was initially explored because of recent technical advances leading to increased power density in electric machines. It promised advantages in terms of flexibility of component location, and lower fuel heating.
Lower volume than earlier powerpacks was one of the primary objectives of the overall LV100 design. With the allelectric system, accessories are not constrained to be mounted on the gearbox. Not having to design for a gearbox and the flexibility to put electrical accessories in whatever space happens to be available have proven to be a significant design advantage on the LV100. Elimination of gearing also reduces required torque during starting at low temperatures, thus allowing more rapid starts at cold ambient temperatures.
Fuel system heat production is diminished by decoupling the fuel pump speed from engine speed. In a conventional engine fuel system, the pump rotates on the gearbox at a speed proportional to engine compressor speed. It must be sized to deliver enough fluid at the one highest fuel-required design point. At all other points it delivers too much fuel; sometimes several times the flow required. A metering valve system passes the proper amount of fuel to the engine and the remainder back to the pump inlet. The bypassed flow represents wasted energy, and increases fuel temperature to the engine since all the fuel is pumped up to pressure, but the pressure of the bypassed flow is dissipated as heat in the fuel. This excess fuel heat potentially leads to a fuel coking problem in the fuel injectors. In contrast, with the LV100 system, the fuel pump is decoupled from the engine speed, and it is possible to modulate the pump speed to minimize or eliminate bypassed flow and the resulting fuel heating.
The LV100 AIPS System
The LV100 AIPS system had several electric drive elements of interest: a three phase starter/generator (S/G) system, electric motor driven fuel and lube pump systems, and electromechanical CVG and VATN actuators. Overall control and coordination was through a conventional Full Authority Digital Engine Control (FADEC). A schematic of the AIPS system is shown in Figure 1 .
Since the AIPS system was a technology demonstrator, each system was individually designed and no attempt was made to integrate power users with the power generation system.
The AIPS Starter/Generator System
To start the engine, the starter/generator had to rotate the compressor shaft. By the same token, the power to drive the generator was extracted from the engine compressor. For simplicity and to take advantage of the smaller size possible at higher speed, the generator was directly coupled to the compressor shaft and spun at compressor speed. The generator was designed to produce rated power over the speed range from engine idle to rated.
The starter/generator demonstration system consisted of a switched reluctance (SR) machine, an inverter/converter unit (ICIJ) for electronic commutation, a battery bank for starting energy, and a load bank for dissipating the electric power during generation.
The switched reluctance machine is very simple when compared to other kinds of electrical machines. The actual rotor is constructed of stacked, thin, simple, metal laminations bonded together and shrunk-fit onto the shaft, making the rotor simple and rugged. (See figure 2) . The lack of permanent magnets gives better high temperature capability for opera- The only windings in the SR machine are stationary, independent stator windings of simple construction, making for a reliable stator winding system. The independent nature of the stator windings on an SR machine provides physical and magnetic isolation of one phase from the other. This greatly minimizes the possibility of internal winding phase-to-phase faults. If a phase fault does occur, the faulted phase can be electronically isolated from the rest of the system without impacting the performance of the remaining two phases. This fault tolerant feature is easily achieved because there is no excitation source on the rotor (neither permanent magnets nor windings) that can feed power into the fault. As expected, with one of the three phases disabled, the maximum output power is reduced to about two thirds of the maximum torque output. A discussion of operation of a switched reluctance machine may be found in (MacMinn, Jones, 1989) .
The AIPS machine was built in a production configuration except for voltage level. It was installed in the front of the engine, and cooled and lubricated with engine oil. The ALPS S/G-ICU system was rated at 105 Vdc rather than the objective 270 Vdc. 105 Vdc was chosen as a convenient voltage level to demonstrate the technology, given the components available at the start of the program.
The required brushless commutation of the SR machine is accomplished through the ICU by properly placing current pulses or exciting the machine winding for motoring or generating action. The ICU is composed of the controller and the power bridge.
The controller accepts rotor position angle information from a brushless resolver mounted on the S/G rotor and fires the appropriate phase of the power bridge which in turns excites the correct phase winding. The prototype SIG controller is a microprocessor based digital control system that includes dedicated hardware for very high bandwidth functions. The power converter handles the high voltages and currents to and from the machine. There is considerable flexibility in the topology of the power converter used to drive the switched reluctance machine. The topology shown in figure 3 was chosen for the starter/generator because it offers maximum possible control flexibility and a high level of fault tolerance.
To produce either excitation for torque or power generation, both switches are turned on and current is allowed to build in the appropriate motor phase winding. (See figure 4) . When commutation occurs, both switches are turned off and the winding current flows through the two diodes back onto the DC link.
The high currents handled by the ICU power bridge generated significant electrical losses (up to 2.5 kW) which had to be removed by active cooling. Because of its effectiveness, liquid cooling was chosen. For laboratory development and demonstration purpose, water was selected as the cooling liquid.
The resulting AIPS IW power bridge was of a reasonable size for incorporation in a vehicle (about 6.5" x 7.5" x 20"). 
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AIPS Starter/Generator System Testing
Starter/generator and engine integration issues such as increased mechanical vibrations and the impact of load switching on generator output voltage regulation were areas of concern. Bench testing and on-engine testing were conducted and confirmed the system design.
Bench tests verified the ability of the SRM to start, to generate within thermal limits, and to regulate terminal voltage to the rated value of 105 volts dc during steady-state, load switching and speed changing events.
On an LV100 engine in the test cell, the machine was successfully operated as a starter motor for engine starting and once engine idle speed was achieved, it was commanded to begin generating electric power. There was no significant increase in either engine or generator vibration levels due to generation by extracting drive power from the gas turbine engine compressor. Voltage regulation was very good (within 0.1 % of rated) during electrical load switching. Figure 5 is typical of the excellent power quality through close bus voltage regulation during all load switching and speed changing events. During the course of engine testing, the system showed the benefit of fault-tolerance of a switched reluctance machine. On two occasions a phase of the starter generator system was found to be faulted (once an open circuit; once a short in the phase). In both cases because of testing time constraints, it was inconvenient to repair the machine; so, the system was used to start the engine over a period of several weeks with two of the three phases operating. This continued machine operation under faulted conditions was possible because the windings receive excitation only when commanded by the ICU controller -there are no sources of excitation on the rotor and the three phase windings are virtually uncoupled magnetically. Therefore, the faulted windings could be kept unexcited by simply disabling the winding excitation signal in the ICU. The only operational indication of a fault was, as expected, about a 33 percent reduction in maximum output torque capability.
AIPS Fuel and Lube Systems
ATPS fuel flow was varied by a metering fuel pump. This was a gear pump driven by a variable speed brushless DC. motor powered from a 270 Vdc lab power supply. By pumping exactly the required fuel flow, fuel bypass was eliminated and heat generation minimized.
The fuel pump was a 3.5 gpm cartridge gear pump coupled directly to the motor and contained within a fuel block which also housed fuel valve functions. Fuel was metered by varying pump speed. Metering accuracy was totally dependent on the pump displacement and volumetric efficiency.
The fuel pump motor was a 3 phase 2.5 hp brushless DC machine. The motor had samarium cobalt permanent magnets and was driven by a pulse-width modulated servo amplifier. Rotor position for commutation was sensed by a brushless resolver. Motor speed was sensed by a permanent magnet alternator type tachometer.
Extensive bench testing was performed to design the proper dynamics to operate the fuel motor over a very high turn down ratio (approximately 20 to 1). The pump/motor system proved very responsive with a significantly higher bandwidth than conventional metering valves. The fuel pumping system performed well during engine testing.
An off-the-shelf 270 Vdc brushless permanent magnet motor was adapted to drive the lube oil pump and air-oil separator. Lube oil cooling was accomplished with a test facility heat exchanger. The lube oil pumping system also performed well during engine testing.
AIPS CVG and VATN Actuators
The AIPS system used rotary electric actuators to drive the compressor and turbine variable geometries. Each actuator system consisted of an electric motor actuator unit and an actuator electronic controller. The CVG and VA'TN electric motor actuator units were identical. The CVG and VATN electronic controls were slightly different in order to adapt the common actuator for the different angular displacements and directions of the CVG and VATN applications. The electric motor actuator unit consisted of an AC motor, reduction gear train, and position and velocity feedback sensors. Bench and engine testing were very successful.
Summary of AIPS Experience
The electric components described above were extensively tested in the lab and for several hundred hours on engine during the AIPS program. Very few problems were found and what problems were found tended to be typical of problems normally seen in developing a new engine control system and not problems associated with the new technology being tested. In addition to normal temperature range operation, the 17 hp AIPS starter/generator, metering fuel pump, lube oil pump, CVG and VATN actuators were used to successfully start and operate an engine under cold conditions down to -60F. Total AIPS experience is shown in Some notable achievements with the AIPS electric accessory drives were:
• Provided relatively trouble-free starting and engine control during the course of the AIPS program and for other engine testing, while requiring very little engine test time themselves.
• Demonstrated all-electric engine operation with no gearbox and no hydraulic actuators, with pumping and actuation done electrically.
• Demonstrated engine operation with an electric motor driven metering fuel pump modulating fuel flow with pump speed and with no metering valve. Some other observations about the system: • With the fuel system and actuators decoupled from the engine, the whole system could be checked and tested without starting the engine.
• An electrical system almost inherently has more information available to the control which can be used to refine the control operation and which makes more diagnostic information available.
• With the all electric system, all features of starting are under the FADEC's control, allowing optimization of the start routine and simplifying the vehicle interface.
DESIGNING THE ATR SYSTEM
During the AIPS demonstration period, a number of studies and trade-offs were performed to evaluate the AIPS system and to decide upon a system for the next phase of operationthe Automotive Test Rig (ATR) vehicle demonstration.
An updated tradeoff study of the electrical system compared to a conventional gearbox system, suggested that cost and reliability would be similar. The decision was made to continue with the electrical system because of the locational flexibility, the smaller heat rise it offered, the success with the AIPS system, and a belief that rapid gains in power electronics technology promises lower cost and higher reliability in the future.
Significant changes were made in the system to decrease complexity and to make the development challenges more manageable. Also, moving from the test cell to a vehicle meant that the electronics had to be reduced in size and ruggedized and that the power system generator had to be integrated with the power users.
ATR Starter/Generator System
The starter/generator machine for the ATR control system is very similar to the AIPS machine described earlier. However smaller available space and a smaller estimated power need dictate a two inch shorter machine with a 30 kW rating instead of 32 kW. The system voltage rating is the standard 270 Vdc instead of 105 Vdc for the AIPS system. This increase in voltage gives lower currents and thereby over 50 % lower resistive electrical losses for the system to handle.
The Inverter/Converter Unit (ICU) power bridge for the ATR S/G is significantly different from the the AIPS system. The system is designed for oil instead of water cooling. The oil heat rejection is through vehicle mounted heat exchangers. The ICU power electronics is packaged to fit into a reduced volume, irregularly shaped space that follows the curvature of the engine bay. This packaging underscores the ability of electric drive technology to make better use of remote, irregular spaces.
The semiconductor switching devices are also different. Because of their higher voltage rating, IGBT'S (Insulated Gate Bipolar Transistors) are used as switching devices instead of MOSFET' s (Metal Oxide Semiconductor Field Effect Transistors). Smaller, higher temperature ceramic capacitors are used to replace the electrolytic capacitors of the AIPS design. The packaged ATR ICU occupies less than a quarter of the AIPS ICU total volume.
The ATR ICU controller uses the same basic control algorithms as the AIPS controller. However a TMS 320C30 Digital Signal Processor (DSP) is used instead of the Intel 80286 microprocessor. This DSP provides ample computing power for future resolverless operation when that technology becomes available. Good progress is being made toward resolverless operation of switched reluctance machines. (Lyons,Preston, 1992) .
The AIR Fuel, Lube, and Actuation Systems
A trade-off study concluded that the system could be simplified by consolidating the fuel and lube pumps onto one shaft running at the same speed and by replacing the electrical actuators with more conventional fuel driven hydraulic actuators and a metering valve. Some of the benefit of reduced heat generation is retained by running the fuel/lube pump at its optimal speed decoupled from engine speed. Some bypass is required however, as the system has to be sized to slew the actuators on demand.
The resulting ATR fuel module consists of a fuel/lube motor, a fuel pump, a lube pump, and a hydromechanical unit with metering valve and integral CVG and VATN actuators.
The fuel/lube motor is a variable speed three phase 5.0 hp brushless DC motor of the same design as the AIPS fuel motor but larger in rating and physical size.
The fuel pump is a cartridge style gear pump coupled directly to the motor and located in the hydromechanical unit (HMU). Fuel is metered with a conventional metering valve in the HMU. Hydraulic CVG and VATN actuators are integral to the HMU, eliminating external piping with its associated potential leakage problems. 
FUTURE POSSIBIUTIES FOR ELECTRIC DRIVES FOR TRACKED VEHICLES
The successful operation of a direct-coupled starter/generator and electric accessories without an accessory gearbox suggest a next logical extension of electric drives for the tracked vehicle, eliminating all vehicle gearboxes, including the mechanical transmission.
Electric drives are not constrained to be in-line or closely located to drive train components for bulk power transmission, but can be dispersed and placed in remote locations wherever space exists. This flexibility along with emerging lower-loss electronic devices can lead to better overall space utilization, reduced volume or space claim, reduced weight and the associated benefits.
Another attractive feature is the elimination of the clutches, gears and resulting sharp speed swings associated with shifting gear ranges and steering. In an electric drive system, this is done by changing the speed and direction of the drive motors.
A possible additional attraction is the ability to shift power between propulsion and other vehicle needs.
Sprocket drive power for a 50 ton vehicle can be near 500 horsepower at each of two sprockets used to drive the tracks. The generator for an electric drive system for such a vehicle must be able to supply about 1,000 KW of bulk electric power to drive the two track motors.
Several studies and demonstrations of electric drive technology for a tracked vehicle have recently been initiated in the industry.
Generator Prime Mover
Small size and, to an increasing extent, lower weight are important to a tracked vehicle. The generator should be integrated with a prime mover in a way that minimizes weight and size. As is well known among electrical machine designers, higher generator speed is a route to smaller size and higher power densities. Gas turbine engines are well suited for driving generators at high speeds. Directly coupling the generator to the output shaft of the engine's power turbine and running at engine speed eliminates the need for a speedchanging gearbox and opens the possibility of developing an optimized integrated power generation module. Proper selection of engine speed for a given load allows operation of engine and generator for optimum overall system efficiency, improving fuel consumption. The prime mover and generator should be treated as a single power-producing unit designed and packaged for optimum performance, size and weight.
System Voltage
System voltage level is key to the basic system architecture and has an impact on weight and volume of system components. For a given electric power rating, higher voltage results in lower current which results in smaller conductors, lower electrical losses and lower switching voltage transients. Figure 6 shows the impact of bus voltage level on weight of system copper conductors due to reduced current requirements. A prudent strategy is to use system voltages as high as switching devices will allow without causing significant increases in electrical insulation requirements or decrease in safety.
Electric Drive System Architecture
A preliminary architecture for an electric drive system is shown in figure 7 . An electrical system for such a vehicle might consist of as many as three different power buses. A 28 Vdc bus supplies low voltage, low power vehicle loads. A 270 Vdc bus supplies low horsepower motor loads, less than 10 hp each. Both of these buses would be built to military standards to provide power to electronics and electrical accessories in the vehicle. Bulk electric power for drive motors is supplied by the high voltage bus with a rated value somewhere between 600 and 2,000 volts.
A generator, directly coupled to the power turbine, produces the bulk power for the electric drives system. The generator and the engine are highly interactive and can be thought of as a power pack unit that can be operated with a wide array of electric drive system designs.
Two 500 hp motors are used to drive the vehicle traction sprockets -one on each track. Conceptually, the motors can be either alternating current or direct current. In general, power conditioning electronics is needed to convert the generator power into the form required by the motors. This will usually mean converting power at a DC voltage to an AC voltage required for motor operation. As will be seen later, the motors should be capable of converting from the motoring mode to the generating mode under certain operating conditions to help manage regenerative power.
The electric drive controller interprets steering and traction commands from the vehicle operator and translates them into steering and traction commands to the drive motors. It also communicates with the engine controller to optimize vehicle operation. 
Choice of Electrical Machinery
There are many types of electrical machines with comparable performance characteristics from which to choose generators or motors. Using likelihood of trouble-free operation of the rotating members, ruggedness, and compactness as criteria, the long term choice of machine is expected to be, a permanent magnet, an induction or a switched reluctance machine. At the present time, further development is needed on each of these machine to achieve the desired high power, high speed, capability and compactness.
Permanent Magnet Machines
A permanent magnet machine's attractive features are its compactness and its ability to start generating without an external energy source by using rotating high energy-product magnets. These magnets also lead to a drawback. The everpresent excitation of permanent magnet machines tends to continuously feed short circuit faults should they occur and thereby make fault management more difficult. The tendency of permanent magnets to demagnetize at elevated temperatures confines PM machines to relatively cool environments. Other issues such as containing the magnets at high rotational speeds, susceptibility to shock and vibration, and rusting, particularly of neodymium, are challenges to be overcome.
Induction Machines
Induction Motors are widely used throughout industry and are rugged and relatively simple. They may contain rotating copper conductors, such as a squirrel cage or a solid iron rotor. Solid iron rotor designs have very high speed capability but produce high rotor iron electrical losses and therefore tend to be impractical for high speed, high power density operation. On the other hand, the squirrel cage induction motor produces lower losses while maintaining high speed capability. However, the rotating copper bars are susceptible to breaking under high speed operation with frequent speed changes.
Switched Reluctance Machines
The switched reluctance machine, similar to the AIPS S/G, has several features that make it attractive. A simple rugged rotor construction with no rotating windings or magnets permits very high speed, high temperature operation. SR machines are very fault tolerant and can be made to operate safely with a short circuit in the system by selectively exciting only the good phases. The need of an external excitation source to initiate generation is perhaps the main unattractive feature. Notwithstanding, with bearing replacement being the only maintenance item, a properly designed and built SR machine is very attractive for an electric vehicle drive.
High Power Density Components
Availability of high power density machines and electronics is critical to the practical application of high torque producing electric drives to tracked vehicles.
A survey was conducted to determine the availability of generators that exist or will exist in the near future. A machine envelope target of 15 -22 inches in diameter and 10-18 inches in length was sent to twelve potential generator suppliers perceived to have the capability to build a one megawatt generator. Eight of the potential suppliers responded with one or more machine designs, some of which were existing designs and did not fit within the envelope. Figure 8 shows a result of the survey which indicates the trend of higher power density with higher speeds. The industry survey indicated that electrical machines exist or can be developed to meet the high power density needs of electric drives.
Existence of high power switching capability is key to obtaining high power density in electronic components associated with electric drives. A survey of commercially available semiconductor devices indicated single package devices with adequately high power switching needs: Bipolar transistors rated from 50-1400 volts and 400 amperes; IGBT's rated from 400-1200 volts and 300 amperes; Silicone Controlled Rectifiers rated from 600-5000 volts and 5000 amperes; and Gate Turnoff Thyristors rated from 800-4500 volts and 2500 amperes. High power switching devices are available that make possible compact, high power density electronic converters and inverters for electric drive systems. Furthermore, new switching devices being developed such as the MCT (MOS Controlled Thyristor) promise even more compact electronics in the future. Under some conditions electric motors can become power producers instead of power users. If not properly managed, this regenerative power can raise the system bus voltage and damage system components. However, under some vehicle maneuvering conditions, regenerative power can be used in a beneficial manner to reduce the amount of power required from the prime mover and generator. In this case the drive motor on one side operates in the generating mode while the motor on the other side operates in the motoring mode, allowing power to be extracted from the vehicle pivot-point side machine instead of the engine and applied to the higher velocity turning-side motor. This results in improved fuel burn efficiency.
Vehicle braking poses one of the greatest challenges to energy dissipation. The full kinetic energy of the moving vehicle must be dissipated in a short period of time. Mechanical brakes may be used, but there are volume and weight advantages to using the motors in the generating mode to produce maximum braking torque. This puts excess power on the bulk power bus which must be managed. One way of dealing with this condition is to dissipate the excess electrical power in the form of heat by a bank of resistors. Another solution for the long term is to have the gas turbine engine absorb regenerative power and reduce or eliminate the braking resistors. Conceptually the starter/generator on the compressor and the bulk power generator on the power turbine can be used as motors to feed some or all of the regenerative braking energy back into the engine. Further study and development effort is required before absorption of regenerative power by the engine can be realized.
System Operation Issues -Engine and Generator System Interaction
Since the engine and the generator are closely coupled, load and speed changes on one impact the other. Electrical load rejection of the generator tends to cause the engine to overspeed. Thus the engine control system must be able to detect and protect the engine from dangerously overspeeding whenever electrical load rejection occurs. Close communication between the vehicle driver station, the engine control, and the electrical drive control is required so that load changes required by vehicle speed change, steering, and braking do not cause either engine speed control or bus voltage regulation problems. Feed forward control signals to allow anticipation can make for a smoother, more efficiently operating vehicle.
SUMMARY
Gas turbine engine electrical accessory systems currently offer several advantages, including locational flexibility and reduced fuel heating. Rapid developments in the field of electrical machines and power electronics offer a bright promise for further advantages in the future. The LV100 engine has demonstrated the feasibility of the technology. A significant amount of development work, however, still remains to realize these advantages at a reasonable cost and with good reliability in a production environment.
Electrical drives as the primary drive for a tracked vehicle, powered by a powerpack with a high speed gas turbine mounted generator, have not yet progressed to the demonstration phase. However, they too show promise of decreased volume and locational flexibility in future systems.
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